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Abstract: In this study, a novel computational modeling strategy is proposed to estimate the lateral 4 
load capacity and behavior of unreinforced masonry (URM) structures. All commonly noted 5 
failure mechanisms are captured via the proposed modeling strategy using the discrete element 6 
method (DEM) in three-dimensions (3D). Masonry walls are represented as a system of elastic 7 
discrete blocks, where the nodal velocities are evaluated by integrating the equations of motion 8 
using the central difference method. Then, the mechanical interactions among adjacent blocks are 9 
examined utilizing the relative contact displacements and employed in the contact stress 10 
calculation. Through this research, a new stress-displacement contact constitutive model is 11 
considered and implemented in the commercial software 3DEC, which includes softening stress-12 
displacement behavior for tension, shear, and compression along with the fracture energy concept. 13 
The results of the discontinuum models are validated on small- and large-scale experimental 14 
studies available in the literature with good agreement. Furthermore, important inferences are 15 
made regarding the effect of block size, the number of contact points, and contact stiffness values 16 
for robust and accurate simulations of masonry walls.  17 
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1 Introduction  1 
Unreinforced masonry (URM) structures constitute the vast majority of architectural heritage 2 
and existing buildings in many countries, which are typically vulnerable during seismic events. 3 
Therefore, a better understanding of their seismic behavior is critically important in order to 4 
provide appropriate structural interventions and to preserve their integrity [1]. However, it is worth 5 
noting that the behavior of masonry structures is a complex problem due to the highly non-linear 6 
and composite nature of the material, consisting of units (e.g., clay bricks, stones, concrete or earth 7 
blocks) and lime- or cement-based mortar. Furthermore, the difference in the properties of unit 8 
and mortar, dimensions of masonry units, mortar thickness, and quality of the workmanship are 9 
some of the factors that influence the capacity and mechanics of masonry structures. In general, 10 
mortar joints and the unit-mortar interfaces are the weak planes for masonry walls, which yield 11 
crack localization through the bed and head joints. Furthermore, joint dislocations, cracking- and 12 
compression-failure of masonry units are the other defects that can be observed in URM walls 13 
subjected to lateral forces. This study aims to provide a tool for a deeper understanding of URM 14 
structures subjected to in-plane lateral loading, considering the effect of material nonlinearity, 15 
localization of cracks, and workmanship via advanced numerical methods. 16 
Computational modeling strategies used to assess the response of masonry structures in the 17 
literature can be categorized as continuum and discontinuum models. In continuum-based models 18 
(also referred to as macro-modeling), based on the Finite Element Method, masonry is represented 19 
as a fictitious homogeneous anisotropic continuous medium that can be replicated using plasticity 20 
or other macro-scale constitutive relationships. Note that, in this case, there is no distinction made 21 
between the units and mortar; hence, the internal structure of masonry cannot be described 22 
explicitly, and the damage within the structure is smeared out through a continuous medium. The 23 
material parameters for macro-models can be obtained experimentally, performed on large size 24 
specimens under relatively homogenous stress states. As macro-modeling is computationally quite 25 
affordable and requires fewer number of parameters, it is applicable for practice-oriented analyses 26 
of the large scale structures [2]. Applications of macro-models on various URM structures can be 27 
found in [3–10]. Still, the aforementioned limitations of macro-modeling can be overcome by 28 
discontinuum type of analysis that is referred to as micro-modeling [11], where the masonry units, 29 
mortar, and unit-mortar interfaces are represented explicitly to allow crack localization, joint 30 
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opening, and frictional sliding failures. Although micro-models yield an accurate representation 1 
of the material, it is not practical to analyze large structures since input parameters are required for 2 
each constituent of masonry, and they demand larger computational resources [12]. In this 3 
research, a simplified approach based on the discrete element method (DEM) is employed, called 4 
simplified micro-modeling, to compromise between the required level of accuracy and 5 
computational cost. In simplified micro-models, masonry units are expanded up to the half-6 
thickness of the mortar joints, so that the units are simulated as rectangular continuum blocks, 7 
whereas the influence of mortar joints is represented via zero-thickness interfaces, as shown in 8 
Figure 1. 9 
 10 
 
Figure 1. Left: Illustration of masonry (unit-mortar assembly), Right: Representation of the 11 
simplified micro-models with zero-thickness interfaces.  12 
 13 
In FEM, the discontinuum representation of masonry is accomplished using interface elements 14 
for the joints. DEM formulates the same problem as a system of discrete blocks (or bodies), 15 
mechanically interacting with each other along their boundaries [13]. Thus, the structural behavior 16 
of a discrete element model is directly related to the contact constitutive law among the 17 
neighboring blocks that can be rigid or deformable. Rigid blocks may be preferable for dynamic 18 
analysis compared to deformable blocks since the rigid block model has less computational 19 
demand [14]. In DEM, discrete bodies can be represented as circular particles or polyhedral blocks 20 
considering different scales, which depend on the type of problem [15–19].  21 
During the last several decades, discrete element modeling became an attractive solution in 22 
the analyses of different types of masonry structures due to its capability of capturing the non-23 
linear behavior and collapse mechanisms of masonry systems [20–23]. It should be noted that a 24 
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family of similar numerical techniques is available in the literature within the framework of DEM, 1 
such as non-smooth contact dynamics method (NSCD), discontinuous deformation analysis 2 
(DDA), and combined finite-discrete element method (FDEM, FEM/DEM). The mentioned DEM-3 
based computational techniques differentiate based on the contact type (soft or hard contact), 4 
contact behavior, and/or implementation of the numerical procedures (explicit or implicit). For 5 
instance, the NSCD method utilizes an impenetrable contact model (Signorini’s impenetrability 6 
condition) with an implicit time integration solver. The successful applications of the NSCD 7 
method and its detailed explanation is given in the relevant studies in the literature, where the 8 
seismic vulnerability and performance of masonry structures (e.g., towers, walls, and churches) 9 
are assessed using rigid blocks [24–27]. Different from the NSCD method, explicit solution 10 
procedure and a soft-contact approach are used in this research within the framework of DEM, 11 
where the penetration of the adjacent blocks is allowed relying on the contact stiffnesses defined 12 
at each contact points. Another similar modeling strategy, presented by Munjiza [28], combines 13 
the features of discrete and finite element methods (FDEM) to simulate the fracture and 14 
fragmentation processes of deformable bodies via contact elements, implemented within the finite 15 
element mesh [29–31]. Further discussions about the applications and comparison of DEM and 16 
FEM based modeling approaches, the readers are referred to available studies in the literature [32–17 
35]. 18 
The present research provides novel contributions in discrete element modeling of masonry 19 
structures as well as in the analysis of URM walls. The specific goals of this research can be 20 
summarized as follows: 21 
• To provide a robust discontinuum based approach in the lateral analysis of URM walls and 22 
large-scale URM structures by incorporating fracture energy-based contact constitutive 23 
models in DEM, accounting for the intrinsic softening behavior of the material.  24 
• To investigate the effect of micro-mechanical properties on the macro behavior of the 25 
computational models. 26 
• To shed light on the progressive damage mechanism in URM walls and structures from the 27 
early stage of cracking to the eventual collapse using the proposed modeling strategy.  28 
It is also important to note that the proposed modeling strategy can be applied to all types of 29 
masonry assemblages with or without mortar joints as well as in any geometrical form. In the 30 
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following sections, the computational background of DEM, the validation of the proposed 1 
modeling strategy on small and large scale URM structures, and the sensitivity analyses are 2 
presented.  3 
 4 
2 Computational Framework 5 
This research adopts a discrete element formulation of URM brickwork masonry walls, where 6 
masonry is represented as distinct brick-shaped blocks based on DEM, originally developed by 7 
Cundall [36]. Numerical models are developed using a commercial software called 3DEC, 8 
developed by Itasca [37]. The computational procedure of DEM relies on the integration of the 9 
equation of motion, which is solved for each block in the system. In the present study, masonry 10 
units are represented as linear elastic (deformable) blocks that are discretized into constant strain 11 
tetrahedral elements (denoted as finite-difference zones). The mechanical interaction between the 12 
adjacent blocks is analyzed at each point defined along the contact surfaces, as shown in Figure 2. 13 
Contact stresses are calculated in the normal (𝜎) and shear (𝜏) directions based on the assigned 14 
contact stiffness to each spring (see Figure 2) 𝑘𝑛 and 𝑘𝑠, respectively. Inelastic properties are also 15 
defined for the spring in the normal and shear direction, namely tensile strength 𝑓𝑡, cohesion 𝑐 and 16 
friction angle 𝜙. 17 
 18 
 
Figure 2. Representation of masonry units (referred to as deformable blocks) discretized into 19 
finite difference zones and contact model (2D). 20 
 21 
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The governing set of differential equations is numerically solved using the central 1 
difference integration scheme to calculate the nodal velocities for each block in the system. Quasi-2 
static solutions are obtained via a dynamic relaxation algorithm that utilizes artificial damping. 3 
The equation of motion is given in Equation 1, where the nodal velocities are evaluated at the mid-4 















Here, ?̇?, 𝐹, and 𝑚𝑛 are the velocity vector, nodal force vector, and lumped nodal mass, 8 
respectively, calculated for each node (or so called gridpoint). Nodal masses can be represented as 9 
a diagonal mass matrix, where each gridpoint shares ¼ of the total mass for a tetrahedral element. 10 
The force vector 𝐹 consists of external loads, contact forces (only for gridpoint along the surface 11 
of the block), gravity forces and the contribution of the internal stress in the zones adjacent to the 12 
gridpoint (internal nodal forces, 𝐹𝑘
𝑖𝑛𝑡) that can be obtained as 13 
 14 
 𝐹𝑘




where 𝑛𝑗  is the outward normal to the surface 𝑆 (closed polyhedral surface, defined by the 16 
centroid of each zone connected to vertex) and 𝜎𝑘𝑗 indicates the zone stress tensor (i.e., within 17 
each constant strain tetrahedral element). In the given expression, a local form of damping is 18 
applied by defining the force (𝐹𝑑) with a damping constant, 𝛾 (default value is 0.8), which remains 19 
unchanged during the analysis. The damping force is calculated proportionally to the magnitude 20 
of the unbalanced force that opposes the motion related to the velocity vector ( 𝑠𝑔𝑛(𝜉) = 1, if 𝜉 ⩾ 21 
0; 𝑠𝑔𝑛(𝜉) = -1, if 𝜉 < 0 ) [38]. Further explanations of the implemented local damping algorithm 22 
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can be found in [39]. The obtained nodal velocities are then utilized to update block positions and 1 
to calculate the relative contact displacements. Through the dynamic solution scheme of DEM, 2 
contact conditions are tracked by a contact detection algorithm based on the common plane 3 
concept, explained in [40]. Note that the contact detection algorithm provides a unit normal vector 4 
(defined on a plane) and updates its direction as long as the adjacent blocks (hence the contact 5 
planes) continue to move. This means that the normal vector of the contact plane is utilized in the 6 
computation of the relative normal displacements among the contact points. The same analogy is 7 
also applicable for shear direction, which is perpendicular to the normal vector. During the 8 
analysis, numerical stability is attempted to be ensured providing a sufficiently small-time step 9 
(less than the critical time step, ∆𝑡𝑐𝑟) to capture the internal block deformation and inter-block 10 
displacements, which is given by Equation 3. 11 
 12 
 ∆𝑡𝑐𝑟 = 2 √𝑚𝑛/𝑘𝑔𝑝 (3) 
 13 
Here, 𝑘𝑔𝑝 denotes the nodal stiffness obtained by adding zone and contact (only the 14 
gridpoint on the faces) stiffness [41]. Once the normal and shear contact increments (𝛥𝑢𝑛, 𝛥𝑢𝑠) 15 
are obtained based on the relative displacements at the contact points, the corresponding normal 16 
(𝛥𝜎) and shear (𝛥𝜏) stress increments are computed (Equation 4). Next, the contact stress 17 
increments are added to the old ones (𝜎𝑜𝑙𝑑 , 𝜏𝑜𝑙𝑑) to calculate the new stresses (𝜎𝑛𝑒𝑤, 𝜏𝑛𝑒𝑤) that 18 
are updated and corrected (if applicable) according to the proposed contact constitutive law. 19 
Finally, the new contact stresses, related to each gridpoint at the surface of the block, are multiplied 20 
with the specified contact area (equal to the summation of 1/3 of each surrounding triangles 21 
around the node) and then employed in the equations of motion.  22 
In this study, instead of using the standard built-in contact model in 3DEC, a new contact-23 
constitutive model is implemented to be utilized in the explicit solution scheme of DEM (Figure 24 
3). It is worth noting that the proposed contact stress-displacement behavior captures all possible 25 
failure modes in masonry given in [15,16], including softening regimes in tension and shear by 26 
considering fracture energy concept at the contact stress-displacement functions. The Coulomb-27 
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slip joint model is employed in the shear direction, which requires cohesion (𝑐0) and friction angle 1 
(𝜙0) parameters as well as the residual cohesion (𝑐𝑟𝑒𝑠) and frictional angles (𝜙𝑟𝑒𝑠). Furthermore, 2 
nonlinear behavior is considered in compression assuming a simple linear softening function, 3 
accounting for compressive fracture energy.  4 
 5 
 
𝛥𝜎 = 𝑘𝑛𝛥𝑢𝑛 ; 𝛥𝜏 = 𝑘𝑠𝛥𝑢𝑠 




Figure 3. Contact models in the normal (left) and shear (right) directions. 7 
 8 
The adopted contact models are written in C++ and compiled as DLL (dynamic link 9 
library) into 3DEC via the user-defined constitutive model option, and the discussed dynamic 10 
solution procedure is executed through the pseudo-time domain to analyze the collective 11 
mechanics of discrete blocks. In the next section, validation of the proposed modeling strategy is 12 
presented using the most usual test results for masonry: in-plane loaded masonry shear walls. 13 
 14 
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3 Validation: Shear Walls 1 
In this section, the proposed discontinuum modeling strategy is validated by comparing it with 2 
the results of URM shear wall experiments, available in the literature [42,43], to benchmark the 3 
modeling approach. Two masonry wall types are taken into consideration: a wall with an opening 4 
at the center (referred to as hollow wall) and a complete wall with no opening (referred to as solid 5 
wall). The walls were built with 18 masonry courses using single layer solid clay bricks 6 
(204 × 98 × 50 𝑚𝑚3) with 10 mm thick mortar (1:2:9, cement:lime:sand by volume), where 7 
two courses were clamped in steel beams. Therefore, 16 courses of the shear walls are modeled as 8 
an active brickwork masonry, depicted in Figure 4. Tests were performed in two steps; first, the 9 
uniform vertical loads were applied, then the walls were subjected to increasing lateral forces. Note 10 
that during the second stage of the experiment, only the upper edge of the specimen was allowed 11 
to move horizontally while vertical displacements were prevented, as shown in Figure 4.  12 
 13 
 
Figure 4. Illustration of the analyzed URM solid walls (ℎ = 1 𝑚, 𝑤 = 0.99 𝑚): Initial vertical 14 
loading (left) and lateral loading (right).  15 
 16 
Different vertical pressures were considered in the experiment (0.30, 1.21, and 2.21 MPa), 17 
and two tests were performed for the lowest pre-compression level, shown as an envelope in Figure 18 
5. Firstly, solid walls are analyzed via the simplified micro-modeling approach using the proposed 19 
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softening contact models in tension, shear, and compression regimes. Each masonry unit is 1 
modeled as an elastic distinct block with a joint defined at the mid-section to consider a potential 2 
cracking failure within the clay bricks. The applied representation of clay bricks may be considered 3 
as the simplest solution to simulate the cracking phenomenon in masonry units; however, to 4 
simulate more complex and heterogenous fracture patterns, randomly generated irregular 5 
polyhedral blocks can be utilized as shown in [16,44]. Therefore, half-bricks are discretized into 6 
80 constant-strain finite-difference volumes. Material properties are directly taken from the 7 
experimental study, whereas the contact stiffness is calculated based on the elastic modulus of 8 











where, 𝐸𝑏, 𝐺𝑏, 𝐸𝑚 and 𝐺𝑚 are the brick elastic modulus, brick shear modulus, mortar elastic 13 
modulus, and mortar shear modulus, respectively. The input parameters, including linear and non-14 
linear contact properties, are given in Table 1. Moreover, the stiffness of the masonry units is 15 
defined as 16.7 MPa. The loading procedure in the discrete element model is established as similar 16 
to the benchmark study by considering an initial vertical pressure (pre-compression, 𝜎) and the 17 
horizontal deflection is exerted on the top beam. Specifically, the discontinuum model is brought 18 
into the quasi-static equilibrium (when the unbalanced force in the system is less than 1E-5 N). 19 
Then, the constant nodal velocities are prescribed for all the gridpoints located at the top of the 20 
upper beam. To eliminate the numerical oscillations during the explicit solution scheme of DEM, 21 
relatively low displacement rates (i.e., 1 mm/s) are defined at the gridpoints, which allows to obtain 22 
a smooth response from the numerical models. Note that during the analysis, the reaction forces 23 
are extracted and recorded from gridpoints, where the constant velocity boundary condition is 24 
applied via the implemented subroutine in the software based on FISH functions (an executable 25 
programming language in 3DEC). 26 
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The results of the analyses demonstrate that the proposed computational models predict the 1 
strength and stress-displacement behavior of the masonry walls within an acceptable accuracy, as 2 
presented in Figure 5. Figure 6 illustrates a typical failure mechanism of a URM masonry wall 3 
under low vertical pressure (0.30 MPa), as determined from the proposed discontinuum model. 4 
The obtained cracking pattern is in good agreement with the experimental findings, where the first 5 
cracks are recorded as bending cracks at the uppermost and lower bed joints developing through 6 
the opposite corners. Then, the successive cracks spread diagonally at the header joints, and shear 7 
failures are observed along the bed joints. Finally, the collapse mechanism of the wall is obtained 8 
with a full diagonal crack. In the case of higher vertical pressures, cracking in masonry units 9 
become more pronounced, and higher lateral capacities are achieved, as expected.  10 
 11 
Table 1. Contact properties - Masonry walls with solid masonry units (Subscript 𝑢 and 𝑗 refer to 12 
the units and joint (unit-mortar interface), respectively) 13 
Interaction within the masonry units (bricks) 
(𝑘𝑛)𝑢(𝐺𝑃𝑎/𝑚) (𝑘𝑠)𝑢 (𝐺𝑃𝑎/𝑚) 𝑓𝑡  (𝑀𝑃𝑎) 𝑐 (𝑀𝑃𝑎) 𝜙0 (°) 
1000 1000 2 3 35 
𝜃𝑟𝑒𝑠 (°) 𝑓𝑐 (𝑀𝑃𝑎) 𝐺𝑓
𝐼  (𝑁/𝑚) 𝐺𝑓
𝐼𝐼 (𝑁/𝑚) 𝐺𝑐  (𝑁/𝑚) 
35 12 80 550 19000 
Interaction between the masonry units (unit-mortar interface) 
(𝑘𝑛)𝑗 (𝐺𝑃𝑎/𝑚) (𝑘𝑠)𝑗 (𝐺𝑃𝑎/𝑚) 𝑓𝑡  (𝑀𝑃𝑎) 𝑐 (𝑀𝑃𝑎) 𝜙0 (°) 
82 36 0.2 0.3 35 
𝜃𝑟𝑒𝑠 (°) 𝑓𝑐 (𝑀𝑃𝑎) 𝐺𝑓
𝐼  (𝑁/𝑚) 𝐺𝑓
𝐼𝐼 (𝑁/𝑚) 𝐺𝑐  (𝑁/𝑚) 
35 5 15 125 8000 
 14 
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Figure 5. In-plane behavior of solid masonry walls subjected to different normal stress 1 
conditions: Experimental results vs. Numerical predictions (DEM).  2 
 3 
  
Figure 6. Collapse mechanism of URM shear wall; Experiment (Left) and Computational Model 4 
(Right). 5 
 6 
Furthermore, the effect of prescribed nodal velocities on the macro-behavior of the discrete 7 
models is demonstrated in Figure 7a, considering moderate pre-compression stress (𝜎 =8 
1.21 𝑀𝑃𝑎). The oscillations at the results can be noted when the defined velocity condition is 10 9 
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mm/s, whereas there is no noticeable fluctuation and difference observed between the 1 
displacement rates of 1 and 0.1 mm/s, as shown in Figure 7. The same response is also noticed by 2 
monitoring the ratio of unbalanced force (𝐹𝑈𝐵) to total horizontal force (𝐹𝑇) during the analysis 3 
(see Figure 7). It is clear that smaller velocities (i.e., 1 mm/s and 0.1 mm/s) result in faster and 4 
smoother convergence to the quasi-static solutions utilizing the Cundall’s local damping 5 
formulation (as mentioned earlier) and provide better numerical stability throughout the analyses. 6 
On the contrary, it becomes difficult to damp the unbalanced forces in the system for relatively 7 
higher velocities (10 mm/s), which may delay the convergence or even may lead to the loss of 8 
quasi-static equilibrium. 9 
 
 
Figure 7. Top: Influence of the applied displacement rate on the macro response of the model 10 
(𝜎 = 1.21 𝑀𝑃𝑎); Bottom: The ratio of unbalanced force (𝐹𝑈𝐵) to total horizontal force (𝐹𝑇) 11 
history for different velocity boundary conditions.  12 
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Additionally, it important to note that the brittle contact models are widely used in DEM 2 
simulations, where the nonlinear post-peak response of the material (both for tension and shear) is 3 
not considered. In other words, sudden stress drops to zero or a residual value after reaching the 4 
defined strength values at the contact point is used in general. However, quasi-brittle materials 5 
(e.g., concrete, masonry, rock, etc.) reveal a softening behavior under tensile and shear forces as 6 
well as hardening/softening regime under compression. Therefore, to highlight the contribution 7 
and effect of proposed softening contact models based on the fracture energy concept compare to 8 
commonly used brittle contact models in DEM, the benchmark study is modeled via both contact 9 
behaviors with the same strength properties. The results are shown in Figure 8. It is noted that the 10 
brittle contact constitutive models, which is the standard contact law in 3DEC, may underestimate 11 
the capacity and cause an irregular response during the analysis (Figure 8b), whilst the proposed 12 
contact model provides better predictions and much more stable force-displacement curves. 13 
 14 
 
a) Horizontal force-displacement curves - Low stress level (0.3 MPa)  
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b) Horizontal force-displacement curves - Moderate stress level (1.21 MPa)  
 
c) Horizontal force-displacement curves - High stress level (2.12 MPa)  
Figure 8. Comparison of the standard contact model and the proposed fracture energy-based 1 
contact model in 3DEC. 2 
 3 
To better understand the average relationship between the normal (𝜎) and shear stresses 4 
(𝜏) in the macro-level, experimental capacities are compared with the computational predictions 5 
as well as the well-known failure criterion of Mann-Müller related to shear resistance [47]. The 6 
friction Mann-Müller envelope, associated with the diagonal cracking along the unit-mortar 7 
interfaces, is defined considering the joint parameters (unit-mortar interfaces) and initial normal 8 
stress, as follows: 9 
 10 
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where 𝑐𝑗, 𝜙𝑗 and 𝜑 denote the joint cohesion, joint friction angle, and the parameter 2 
corresponding to the masonry pattern, which is calculated as 2ℎ/𝑙 (ℎ and 𝑙 represent the height 3 
and length of the bricks). The shear strength parameters of the joints are taken from the benchmark 4 
study (𝑐𝑗 = 0.3 𝑀𝑃𝑎 and 𝑡𝑎𝑛𝜙𝑗 = 0.7). Furthermore, the normal and shear (or tangential) stresses 5 
are computed, dividing the vertical forces and corresponding ultimate tangential loads by the wall 6 
gross cross-sectional area (bed joint area; 0.10 × 0.99 𝑚2). As can be depicted from Figure 9, the 7 
trend of the results exhibits the positive impact of the vertical pressure on the lateral resistance of 8 
the URM walls, and the experimental and numerical results show good agreement. In this study, 9 
both the initial and peak normal stress is considered. The linear least square regression, calculated 10 
based on the experimental results, indicates a good correlation (𝑅2 = 0.99) with a relationship 11 
obtained as 𝜏 = 0.45 + 0.24𝜎 for the initial value of the vertical stress and 𝜏 = 0.25 + 0.36𝜎 12 
(𝑅2 = 0.99) for the value of the vertical stress corresponding to the peak of the horizontal wall 13 
strength, as shown in Figure 10. The obtained approximation gives a cohesion 𝑐𝑤𝑎𝑙𝑙 = 0.45 𝑀𝑃𝑎 14 
where the normal stress is equal to zero, and a friction angle of 14 degrees (𝑡𝑎𝑛𝜙𝑤𝑎𝑙𝑙 = 0.25) for 15 
the initial normal stress, which is incorrect, and a cohesion 𝑐𝑤𝑎𝑙𝑙 = 0.25 𝑀𝑃𝑎, where the normal 16 
stress is equal to zero, and a friction coefficient 𝑡𝑎𝑛𝜙𝑤𝑎𝑙𝑙 = 0.36 with the correct value of the 17 
normal stress. The friction Mann-Müller envelope gives a higher friction coefficient 𝑡𝑎𝑛𝜙𝑤𝑎𝑙𝑙 =18 
0.52 together with a similar cohesion value of 𝑐𝑤𝑎𝑙𝑙 = 0.22 𝑀𝑃𝑎 compared to the peak normal 19 
stress regression (see Figure 10), because the tensile failure across the units is not included in 20 
Equation 6. It is noted that close cohesion values are obtained between the wall and masonry unit 21 
interface when the peak normal stresses are considered (𝑐𝑤𝑎𝑙𝑙 = 0.25 𝑀𝑃𝑎 vs. 𝑐𝑗 = 0.30 𝑀𝑃𝑎), 22 
which confirms the adequacy of the joint testing given in the European masonry code [48]. 23 
Moreover, the obtained friction coefficient of the wall (𝑡𝑎𝑛𝜙𝑤𝑎𝑙𝑙) is also close to 0.4 as adopted 24 
by current masonry design codes. Finally, it is noted that the obtained characteristic cohesion of 25 
the walls, which can be computed by multiplying the average value by 0.8 (𝑐𝑤𝑎𝑙𝑙,𝑘 = 0.25 ⨯ 0.8 =26 
 0.20) is also in good agreement with Eurocode 6, which provides exactly the same value. 27 
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Figure 9. The relation between normal (initial) and tangential stresses in the solid masonry walls: 2 
Experimental results and DEM. 3 
 4 
 
Figure 10. Influence of the initial and peak normal stresses on the normal and shear stress 5 
relationship of solid masonry walls. 6 
 7 
Next, the hollow wall experiment is analyzed with the same material and contact properties 8 
as given earlier. Before the horizontal loading, a vertical pressure (0.30 MPa) is applied to replicate 9 
the experimental setup. There is no joint defined at the mid-section of the masonry units since the 10 
experiments indicate the crack localization occurs at the mortar joints rather than the clay bricks 11 
due to low vertical pre-compression. In Figure 11, the numerical solution is compared with the 12 
experimental envelope, where the force-displacement response is in line with the experimental 13 
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results. Moreover, a similar collapse mechanism is predicted by the computational model, 1 
confirming the stair-step cracks, starting from the top and bottom corners of the opening and 2 
penetrating towards the edges of the masonry wall, as shown in Figure 12. 3 
In conclusion, the results obtained with the solid and hollow masonry shear walls show 4 
that the proposed non-linear contact models implemented in the discrete element formulation not 5 
only capture the load-displacement curve of URM walls accurately, but also capture the correct 6 
collapse mechanism, including joint opening, sliding, and crushing phenomena. 7 
 8 
 
Figure 11. Force displacement response of a hollow masonry wall: Experimental envelop vs. 9 
DEM. 10 
 11 
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Figure 12. Collapse mechanism of hollow URM shear wall; Left: Experimental failure patterns; 1 
Right: Proposed computational modeling.  2 
 3 
4 Parametric Analysis 4 
It is often difficult to estimate the actual mechanical properties of an existing masonry 5 
structure, as masonry structures have highly non-uniform material characteristics. As a result of 6 
this, sensitivity analyses help to explore the influence of elastic and non-linear contact parameters 7 
and overcome the effects of these uncertainties. In this section, the sensitivity of results with 8 
respect to the modeling options are investigated considering the number of contact points, contact 9 
stiffness, size (or number) of the masonry units, and fracture energy. The results should be fairly 10 
independent of modeling decisions (contact points, contact stiffness, and the number of masonry 11 
units), avoiding to add these epistemic uncertainties to the stated aleatoric uncertainties in material 12 
properties (including namely fracture energy, which is a material property less studied than 13 
masonry strength properties).  14 
 15 
Number of contact points: In DEM, the contact stresses are calculated based on the relative contact 16 
displacements among adjacent blocks. To obtain an accurate stress distribution along the contact 17 
surface, a sufficient number of contact points are required. In the reference model, there are 10 18 
contact points considered along the horizontal edge of a single masonry unit, consisting of two 19 
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discrete blocks with a contact surface at the mid-section. Hence, each half-masonry unit has 5 1 
contact points along its horizontal edge and discretized into 80 tetrahedral volumes. The effect of 2 
the contact point is analyzed, considering three discretization schemes, namely low (B2T4), 3 
moderate (B2T8), and fine (B2T16), as indicated in Figure 13. Note that the discretization names 4 
are given based on the number of tetrahedral volumes that each half-masonry unit contains. It can 5 
be seen that the results are basically insensitive to the number of contact points between the 6 
moderate and fine discretization, whereas using inadequate contact points cause some 7 
overestimation of the capacity. Therefore, it is suggested to employ at least the moderate contact 8 




Figure 13. Effect of the number of contacts on the macro behavior of the numerical models. 11 
 12 
Contact stiffness: For most URM structures, elastic stiffness of the masonry units is higher than 13 
the mortar and unit-mortar interface elastic stiffness, meaning stiff brick and soft mortar action. 14 
To better understand the effect of the contact stiffness, defined at the mid-section of the masonry 15 
units, a sensitivity analysis is performed on the validated model. During the analysis, contact 16 
stiffness ratio, (𝑘𝑛)𝑢/(𝑘𝑛)𝑗, is varied from 1 to 10 by increasing the contact stiffness of the joint 17 
within the masonry units. According to the results of the analyses, the force-displacement response 18 
of the shear walls subjected to the moderate stress level of pre-compression (1.21 MPa) become 19 
identical when the contact stiffness ratio gets higher than four (Figure 14), which yield stiff brick 20 
with soft mortar action. Hence, in the case of insufficient data for masonry unit properties, the 21 
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Figure 14. Influence of the contact stiffness ratio ((𝑘𝑛)𝑢/(𝑘𝑛)𝑗) on the force-displacement 4 
behavior (Adopted pre-compression, 𝜎 = 1.21 MPa). 5 
 6 
Size of the discrete blocks: Often, in large scale models, a single discrete block represents more 7 
than one actual masonry unit to prevent impractical computational costs [20]. Hence, to get insight 8 
into the effect of the size adopted for discrete blocks, an identical test setup is prepared, considering 9 
a 2 𝑚 × 2 𝑚 solid wall, two times bigger than the benchmark experiment. Initially, the URM wall 10 
is subjected to a moderate pre-compression (1.21 MPa), then exposed to lateral forces through the 11 
upper edge of the wall. Four different block sizes with similar aspect ratios are considered, yielding 12 
60 and 576 discrete blocks for the coarse and fine models, respectively. In the case of 576 blocks, 13 
the blocks’ size is taken as similar to the benchmark study to replicate real size masonry units. 14 
Note that identical contact parameters, as employed in the benchmark study, are considered, except 15 
for the contact stiffnesses, which are decreased proportionally when the block sizes become larger 16 
to obtain the same structural stiffness of the wall. For instance, the vertical spacing of the reference 17 
blocks (ℎ𝑏
𝑟𝑒𝑓




,  used in the benchmark study, are utilized 18 
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to estimate the normal contact stiffness (𝑘𝑛
∗ ) for the larger blocks based on the new vertical spacing 1 
(ℎ𝑏
∗ ), as (𝑘𝑛







.  2 
As shown in Figure 15, results do not demonstrate a significant dependency on the block 3 
size in the discrete element models. It is also worth noting that the difference of the ultimate 4 
capacity of the wall between the models with various block sizes only varies by less than 6 %. 5 
Although slightly different trends are observed in the force-displacement responses, a consistent 6 
reduction of the peak load is obtained with an increasing number of blocks, where the capacity 7 
difference becomes almost negligible between 240 and 576 blocks (see Figure 15a). On the other 8 
hand, a similar failure mechanism is obtained for all analyzed masonry walls, in which tension and 9 
shear failures concentrate diagonally and crushing failures concentrate at the bottom left and top 10 
right corners (see Figure 15b). These results also imply that the proposed modeling strategy can 11 
be applied to larger-scale URM structures with small differences in terms of strength when the 12 
block size is four times of the actual geometry in real masonry panels (size of 2 m ⨯ 2 m is 13 
considered here), which is demonstrated in the following section. Furthermore, from the 14 
computational cost point of view, to obtain full stress-displacement curve (e.g., Figure 15a) 15 
requires 16 and 140 minutes for coarse and fine discontinuum models, respectively, using a 16 
computer system with Intel(R) Xeon(R) CPU @ 2.1 GHz processor and 128 GB memory RAM.  17 
 18 
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b) Left: 60 blocks, Right: 576 blocks (Tensile damage at the contact surfaces). 
Figure 15. Influence of the block size on the macro-behavior of the masonry wall. 1 
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Fracture Energy: Proposed contact-constitutive models for tension, shear, and compression 2 
include the corresponding fracture energies that can be obtained experimentally or estimated based 3 
on the available data in the literature [49,50]. To test the fracture energy dependency of the results, 4 
different values of 𝐺𝑓
𝐼 and 𝐺𝑓
𝐼𝐼 are used for the unit-mortar interfaces in the solid wall model that 5 
is subjected to moderate pre-compression of 1.21 MPa (validated with the benchmark study). The 6 
sensitivity analyses reveal the evident influence of the fracture energy concept defined at each 7 
contact point, as presented in Figure 16. When the fracture energy gets higher, shear walls 8 
demonstrate higher ductility, whereas there is no considerable increase found in terms of the 9 
capacity (less than 10 %). Furthermore, quite similar collapse mechanisms are obtained from the 10 
sensitivity analyses. 11 
 12 
 
a) Sensitivity analysis - 𝐺𝑓
𝐼 (𝐺𝑓
𝐼𝐼 = 125 𝑁/𝑚) 
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b) Sensitivity analysis - 𝐺𝑓
𝐼𝐼 (𝐺𝑓
𝐼 = 15 𝑁/𝑚) 
Figure 16. Influence of the fracture energy at the contact point between masonry units on the 1 
macro behavior of the masonry walls. 2 
 3 
5 Validation: Full-Scale URM Building 4 
In this section, the validated modeling strategy is further used to explore the seismic response 5 
of a full-scale URM building. Discrete element models are compared with the experimental results 6 
presented by Magenes et al. [51], in which a full-scale two-story URM building, built by solid 7 
fired-clay bricks with hydraulic lime mortar, was tested under cyclic loading. The tested building 8 
had a total wall height of 6.4 𝑚 and a wall thickness of 0.25 𝑚, with non-symmetric openings. 9 
The plan view dimensions of the building were 6 𝑚 × 4 𝑚. It is important to note that wall D 10 
(referred to as door wall) was not connected to the transverse walls A and C, whereas wall B 11 
(referred to as window wall) was connected to the adjacent walls considering an interlocking brick 12 
pattern around the corners, which are shown in Figure 17a separately. Therefore, in practice, the 13 
test setup was composed of two individual shear walls (door and window walls) with no coupling 14 
effect due to a non-interlocking brick pattern around the corners. Eleven isolated steel beams were 15 
used to provide a very flexible floor diaphragm. The gravity and horizontal loads were applied 16 
through the floor beams that are represented in the numerical model as points loads, given in Figure 17 
17b. Additional concrete blocks were used to apply vertical loads of 248.4 kN and 236.8 kN for 18 
the first and second floors, respectively. During the experiment, the seismic forces were simulated, 19 
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considering four concentrated forces for each floor (at the two longitudinal walls) and floor-beam 1 
intersections via displacement-controlled screw jacks. For further details about the experimental 2 
setup and testing procedure, readers are referred to [51].  3 
 4 
  
a) Full-scale masonry building URM walls system A+B+C (Left), Door wall (Right). 
  
b) Front view of the window (left) and door (right) walls together with the floor beam 
locations, as small squares. 
Figure 17. Illustration of the URM building using discrete element models. 5 
 6 
Two separate models consisting of wall A (door wall) and a combination of wall A, B (window 7 
wall), and C are analyzed individually. URM walls are represented as a system of discrete blocks 8 
that can mechanically interact with each along their boundaries, and masonry units are replicated 9 
as elastic continuum blocks with a potential crack surface at the mid-section. In Table 2, the 10 
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number of blocks and zones that are used for each discrete element model can be found. Each 1 
independent model is subjected to a monotonically increasing lateral force at the points matching 2 
with the locations of the horizontal loads applied during the testing.  3 
 4 
Table 2. The number of blocks and zones used in the large-scale discrete element model. 5 
Wall D A+B+C 
Number of blocks 996 2506 
Number of zones 81600 203360 
 6 
The contact stiffness (𝑘𝑛) is calculated using Equation 7, where ℎ indicates the vertical joint 7 
spacing, and 𝐸 denotes the elastic stiffness (Young’s modulus) of masonry. Furthermore, the 8 
elastic stiffness of the continuum blocks is defined as 2.4 GPa [52,53]. The vertical joint spacing 9 
in the discrete element model is determined as 0.16 m. Compressive strength of the masonry prism 10 
(𝑓𝑚
′ ) was obtained from the material testing and provided as 6.2 MPa [51]. It important to note that 11 
it is difficult to estimate the stiffness of the masonry based on its compression strength due to the 12 
high variability in the experimental data, which can be expressed considering lower and upper 13 
bounds of 200𝑓𝑚
′  and 350𝑓𝑚
′  for lime mortar – clay brick masonry, as discussed in [54,55]. In this 14 
study, Young’s modulus of the masonry is approximately estimated based on the mean 15 
compression strength of masonry prism as 𝐸𝑚𝑎𝑠𝑜𝑛𝑟𝑦 ≈ 225𝑓𝑐













Note that depending on the availability of the experimental data, some parameters are taken 19 
from experimental results, whereas other parameters are estimated, considering [56], and similar 20 
studies [46,57]. The contact properties are given in Table 3. The contact stiffness ratio between 21 
units and joints is taken as six based on the parametric analysis discussed in the previous section. 22 
 23 
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Table 3. Contact properties – Masonry Building 1 
Interaction within the masonry units (bricks) 
(𝑘𝑛)𝑢(𝐺𝑃𝑎/𝑚) (𝑘𝑠)𝑢 (𝐺𝑃𝑎/𝑚) 𝑓𝑡  (𝑀𝑃𝑎) 𝑐 (𝑀𝑃𝑎) 𝜙0 (°) 
120 50 1 1.5 35 
𝜃𝑟𝑒𝑠 (°) 𝑓𝑐 (𝑀𝑃𝑎) 𝐺𝑓
𝐼  (𝑁/𝑚) 𝐺𝑓
𝐼𝐼 (𝑁/𝑚) 𝐺𝑐  (𝑁/𝑚) 
35 15 80 125 20640 
Interaction between the masonry units (unit-mortar interface) 
(𝑘𝑛)𝑗 (𝐺𝑃𝑎/𝑚) (𝑘𝑠)𝑗 (𝐺𝑃𝑎/𝑚) 𝑓𝑡  (𝑀𝑃𝑎)  𝑐 (𝑀𝑃𝑎) 𝜙0 (°) 
20 8.3 0.05 0.075 30 
𝜃𝑟𝑒𝑠 (°) 𝑓𝑐  (𝑀𝑃𝑎)  𝐺𝑓
𝐼  (𝑁/𝑚) 𝐺𝑓
𝐼𝐼 (𝑁/𝑚) 𝐺𝑐  (𝑁/𝑚) 
30 6.2 5 20 10000 
 2 
The results of the cyclic test are presented in Figure 18, which indicates the cyclic response 3 
of the tested building by means of the base shear versus roof displacements and corresponding 4 
cyclic envelopes for the two independent structural systems. Additionally, numerical predictions 5 
are compared with the cyclic envelopes in Figure 19. In general, there is a good agreement between 6 
the computational models and the experimental findings in terms of capacity (Figure 19) and the 7 
collapse mechanisms (Figure 20). While the lateral capacity of the door wall (Wall D) is predicted 8 
with a negligible difference, the other wall system (Wall A+B+C) is slightly overestimated 9 
(approximately 15%). However, this difference is the likely result of loading protocol differences, 10 
namely monotonic vs. cyclic, as well as the non-uniform distribution of the material properties.  11 
 12 
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Figure 18. Cyclic response of the door wall (left) and combined system of walls A, B (window 1 
wall), and C (right) [51]. 2 
 3 
  
a) Experimental results vs. DEM – Door Wall 
a) Experimental results vs. DEM – (Wall 
A+B+C) 
Figure 19. Comparison of the full-scale masonry building response with the proposed 4 
computational models.  5 
 6 
In terms of failure mechanism, both door and window walls demonstrate a complex 7 
structural behavior, somewhat different when compared to each other, changing under increasing 8 
horizontal loads in a progressive manner. It is also worth noting that different aspect ratios of piers 9 
and the size of the opening yield distinct failure mechanisms. The diagonal shear cracks, initiating 10 
from the spandrels and developing diagonally in the piers, are the evident observed progressive 11 
damage mechanisms for the door and window walls during the analyses. However, the exterior 12 
wall of the door wall failed due to a shear crack, whereas in the window wall, an overturning 13 
failure mode is observed at the exterior pier. The final crack pattern can be seen in Figure 20. 14 
Clearly, diagonal shear cracks can be observed as the dominant failure mechanism spreading 15 
through the spandrel and piers, and this progression is in good agreement with the experimental 16 
observations (see Figure 20). 17 
 18 
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Figure 20. The collapse mechanism of the URM building –Discrete Element Model with left to 1 
right loading vs. Experiment cyclic loading [51], Top: Door wall, Right: Window wall + 2 
Transverse walls 3 
 4 
6 Conclusions 5 
This research presents a novel computational modeling strategy to be utilized in the 6 
assessment of unreinforced masonry (URM) structures under in-plane lateral loading. The 7 
proposed modeling approach is validated on previously published experiments, namely small-8 
URM walls, and a full-scale URM building. It is shown that the complex structural failure 9 
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mechanism of URM walls and buildings can be captured with a reasonable accuracy using the 1 
proposed discontinuum approach. All potential failure mechanisms are simulated at the contact 2 
points as fracture energy-based stress-displacement contact constitutive laws among the adjacent 3 
deformable blocks. Therefore, four essential local contact mechanisms, indicating an agreement 4 
with the experimental observations, are obtained from the numerical models: the splitting of 5 
masonry units, crushing of masonry, and sliding and tensile failures at the head and bed joints. In 6 
addition, the parametric analyses show that when the contact fracture energy gets higher up to four 7 
times the expected value, the ductility in the masonry walls increases, whereas there is no 8 
significant increase found in the capacity. To obtain accurate results, a moderate contact point 9 
discretization of five contact points per half masonry unit edge and a contact stiffness ratio 10 
((𝑘𝑛)𝑢/(𝑘𝑛)𝑗) of more than four are suggested that provides stiff bricks with soft mortar action. It 11 
is also confirmed that increasing the masonry unit size up to ten times the real size, allowing 12 
computations of full-scale masonry buildings with some meso-scale. Note that there is no 13 
significant effect found on the failure mechanisms and lateral strength for the analyzed scales. 14 
Finally, the progressive damage mechanism starting as a local-failure and turning into a global 15 
collapse mechanism is simulated on a large-scale model using the approach of increasing the 16 
geometry of the masonry units, where the different failure mechanisms are observed at the 17 
spandrels and piers. Thus, the results indicate that the proposed modeling strategy is applicable to 18 
assess both small and large scale URM structures. The suggestions for future studies include the 19 
implementation of the contact models to simulate the cyclic response of masonry walls, 20 
applications of the proposed modeling strategy on the existing damaged structures, and the 21 
consideration of the uncertainties in the material properties using the discrete element modeling. 22 
 23 
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